Fiber-reinforced polymer composite materials have become materials of choice for manufacturing application due to their high specific stiffness, strength and fatigue life, low density and thermal expansion coefficient. However, there are some types of defects such as porosity that form during the manufacturing processes of composites and alter their mechanical behavior and material properties. In his study, hand lay-up was conducted to fabricate samples of carbon fiber-reinforced polymer composites with three different vacuum levels in order to vary porosity content. Nondestructive evaluation, destructive techniques and mechanical testing were conducted. Nondestructive evaluation results showed the trend in percentages of porosity through-thickness. Serial sectioning images revealed significant details about the composite's internal structure such as the volume, morphology and distribution of porosity. Mechanical testing results showed that porosity led to a decrease in both Mode I static interlaminar fracture toughness and Mode I cyclic strain energy release rate fatigue life. The fractographic micrographs showed that porosity content increased as the vacuum decreased, and it drew a relationship between fracture mechanisms and mechanical properties of the composite under different modes of loading as a result of the porosity effects. Finally, in order to accurately quantify porosity percentages included in the samples of different vacuum levels, a comparison was made between the parameters and percentages resulted from the nondestructive evaluation and mechanical testing and the features resulted from fractography and serial sectioning. 
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Introduction
Composite materials are manufactured from two or more materials to take advantage of desirable characteristics of the components. Composites usually consist of a reinforcing agent (fiber) and a compatible resin binder (matrix) to obtain desired properties. Advanced composites can be divided into laminates and sandwiches [1] . The laminates are layers or plies of composite materials bonded together, whereas, the sandwich is a multiple-layer composite structure consisting of a low-density core between thin laminate faces (skins) of composite materials. Currently, the two major techniques to fabricate blades composites are resin infusion and hand lay-up. During the manufacturing process, several types of manufacturing defects might emerge in the composite such as porosity, fiber waviness, ply waviness, debonding between the fibers and the matrix and inclusions. Defects can lead to severe degradation in the composite properties [1] .
Porosity is usually determined as the distribution of microscopic interfacial micro-voids located in the matrix between plies of fibers and scattered over the volume of composite laminate. It invariably gets introduced in polymer matrix composite materials during the fabrication process [2] . Porosity cannot be totally avoided in this type of material; the presence of such defects beyond a certain limit can be highly detrimental to the mechanical properties of the final product and hence their performance as a structural component. Porosity above a critical level affects static and fatigue strength of composite parts and a greater susceptibility to water penetration and environmental effects. During subsequent loading, porosity acts as nuclei of further damage growth resulting in strength degradation. Lowest possible porosity levels are thus essential for ensuring the performance of fiber-reinforced composite structures [2] .
However, porosity results from small bubbles trapped in the resin during impregnation of the fiber reinforcement with resin or during lay-up. Porosity has a detrimental effect on the matrix-dominated properties, such as interlaminar shear strength, compressive strength and modulus, and bending properties.
Mechanical properties decrease as the porosity content increases; for example, interlaminar shear strength values decrease by about 34% for carbon/epoxy fabric laminates when the void content increases from 0.55% up to 5.60% [3] . One of the most important properties of fiber composite that can be affected by porosity is the composite resistance to delamination, as measured by interlaminar fracture toughness. The presence of delamination may lead to a loss of stiffness or even to complete fracture [1] . The effect of various curing pressure results in different porosity contents influence the mechanical properties of carbon/epoxy laminates [4] . Common methods for creating porosity in composite materials are vacuum pressure, water spray, solvent spray and micro balloon.
The objectives of the present work are: 1) to induce porosity of varied levels in carbon fiber-reinforced composite by varying the vacuum level; 2) to apply eight nondestructive evaluation methods to quantify porosity content in all directions of the carbon fiber composite samples; 3) to investigate the effect of porosity on delamination behavior under static and fatigue Mode I (opening mode); 4) to conduct the destructive test of serial sectioning through-thickness in order to understand the porosity's shape, size and distribution inside the carbon fiberreinforced composite samples; 5) to implement fractography to the fractured surfaces of the samples tested by static and fatigue Mode I to help understand the fracture mechanisms of carbon fiber composite under these tests; 6) to compare all parameters, features, percentages, and values resulted from all conducted approaches to quantify the porosity effects on interlaminar fracture behavior in carbon fiber-reinforced composite.
Methodology

Panel Fabrication
In this study, panels of carbon fiber-reinforced polymer composites were fabri- Hand lay-up vacuum bagging set up shown in Figure 1 was used to fabricate Figure 1 . VB setup for fabricating the S1-HM/Epoxy composite panels [3] . samples of carbon fiber-reinforced polymer composite with three different vacuum levels, indicated High (−686 mmHg), Moderate (−330 mmHg) and Poor (0 mmHg) in order to vary porosity content since it can be adjusted to induce different porosity levels in the resulted composite material. Hand lay-up manufacturing process was elected due to its mechanical pressure compacts the laminate, removes air, humidity and excess resin, which all compromise the curing process and the performance of the finished part.
A total of six panels were fabricated (three different vacuum levels); each two panel set was fabricated at the same vacuum, which was expected to represent a fixed porosity volume fraction. Figure 2 shows the steps of fabrication process of panel. After the vacuum bagging process, the panels were left at room temperature for more than one month.
As soon as the panels cured, the first step was to cut each panel into Mode I samples according to ASTM standard [5] [6] . Mode I samples were 1" wide and 6" long along the fiber direction. The next step was to grind the edges of each sample with sand paper to remove machining notches. Then, the length of each sample, the width and thickness at three locations along the length were measured. Both steps are presented in Figure 3. 
Nondestructive Methods
In this study, eight different nondestructive evaluation methods were conducted in Germany at Fraunhofer-IKTS, Nanotest and BAM in Berlin and TU Dresden, including imaging nondestructive evaluation methods: X-Ray laminography, ultrasonic microscopy, high frequency eddy current, pulse thermography (PT), pulse phase thermography (PPT) and lock-in-thermography (LIT), and averaging nondestructive evaluation techniques: X-Ray refraction and thermal conductivity measurements. The experimental set up and testing procedures of all eight nondestructive evaluation methods are described in [7] [8].
Serial Sectioning
The destructive method of serial sectioning (SS) is the most reliable testing method for evaluating porosity and other defects in composite materials since it exposes the composite's internal structure and provides a clear idea about the type, shape, size, distribution and location of any defects. Samples from poor, moderate and high vacuum levels were serial sectioned through-thickness into three layers at the University of Dayton's Research Institute (UDRI) as shown in 
Mechanical Testing and Fractography Analysis
Mode I (Double Cantilever Beam-DCB) was conducted under static and fatigue conditions at UDRI. Static test was implemented to study the effects of porosity on Mode I interlaminar fracture toughness following the ASTM standard D5528
[5] [9] . Fatigue test was conducted to study the effects of porosity on fatigue delamination crack growth initiation (G-N) behavior of Mode I following the Fractography was the final part conducted in this research to characterize the fractured surfaces of the samples tested by static and fatigue Mode I using the Hitachi S-4800 High Resolution Scanning Electron Microscope (SEM) at UDRI.
Samples were chosen from the three vacuum levels, and they were cut into a length, which included the fractured region, then each sample was opened to two parts. Both parts were bonded to a metallic stub using copper tape. In order to make the sample surface conductive, the fractured surface of each sample was sputtered by gold-palladium using a Denton Desk II Sputter coater. The fractographic images of the fractured surfaces of each sample were obtained at several magnification levels from 30× to 80,000× [3] [10].
Results
Nondestructive Methods
Thermal Conductivity Measurements
The parameter of thermal conductivity through-thickness increased as the vacuum level decreased as a results of porosity effects: 0.64 W/mK, 0.69 W/mK and 0.75 W/mK for the vacuum levels of poor, moderate and high respectively.
In comparison with the other composite longitudinal and transverse directions, thermal conductivity in through-thickness direction was the lowest conductive one because porosity can easily get in between fiber layers and isolate them. Thermal conductivities were: 0.75 W/mK, 0.80 W/mK and 3.75 W/mK throughthickness, transverse and longitudinal directions respectively [7] .
Thermography
The results of PT, PPT-amplitude and PPT-phase detected porosity content decreased as the vacuum level increased. As shown in Figure 5 , porosity percentage decreased as vacuum level increased as follows: 3.41%, 2.78% and 1.11% for the vacuum levels of poor, moderate and high respectively [7] .
LIT-amplitude and phase results showed how deep the porosity was in the material. In Figure 6 , the large spots are signals due to artificial wall thing by removing of material locally. This indicates the depth sensitivity of LIT in comparison with the contrast from the materials inhomogeneity respectively [7] .
Eddy Current
Eddy current images showed only textile structure information such as carbon fiber orientation as shown in Figure 7 . A defect such as porosity was not detected. In general, it is difficult for eddy current to detect porosity in carbon fiber composites with woven structure. The eddy current images showed some abnormalities, which is porosity on the sample surface. However, eddy current might be applicable to detect porosity in homogenous structure only.
Ultrasonic Microscopy
Parameters such as back scattering and back reflection were observed as ultrasonic waves travel deeper in the sample and hit defects or regions of lower den-sity. Some dark spots (means higher backscatter signal) appeared on the ultrasonic images as presented in Figure 8 . That represents defects like delaminations or regions of reduced density that are related to porosity in the samples. × 100 µm pixel size. The laminographic scan was conducted and then a sequence of images was acquired and after the acquisition, this sequence of 2-D data set of images was reconstructed using a filtered back projection algorithm in order to create a 3-D data set containing depth information as Figure 9 reveals [8] . Figure 9 shows the resulting data set illustrated in three different planes. The x-y-plane represents only one slice (thickness 0.1 mm) of the sample volume.
The x-z-and y-z-planes represent single cross sections of the volume, as well, but in different orientation. Especially in the x-y-plane, the lack of material (bright areas) is clearly visible. As the tows were orientated along the scanning (x-) direction, they were cancelled out by the reconstruction algorithm. Furthermore, due to the limited angle of the laminographic scan (cross) artifacts arise which lead to a distortion of the porosity representation in z-direction. This distortion has to be considered when quantifying indications for defects or zones with enhanced porosity. To quantify defects in the resulting data set, a histogram was created to characterize the area fraction of reduced density that might be related to porosity in each image and then the porosity volume fraction as the average of the porosity area fraction in all the layers of a specific sample following the same methodology used in serial sectioning [8] .
3.1.6. X-Ray Refraction X-Ray Refraction tests are selective to small spherical defects and therefore be able to quantify porosity, was conducted in horizontal and vertical orientations to the fiber-matrix interfaces. For each sample, an area of about 25 mm × 25 mm was tested. The samples were scanned in a grid with step widths between Figure 9 . Resulting 3D data set of laminographic scans [8] .
measurement points of ∆x = 1.5 mm and ∆y = 50 µm. From the acquired data, a topographic map of the relative specific surface was created and the average value determined. Figure 10 shows such a topographic map of three samples in vertical orientation: one sample of each vacuum level [8] . Figure 10 shows that poor vacuum samples have the highest amount of inner surfaces and the high vacuum samples have the lowest. The same observation can be made when analysing the average value of the relative specific surface over all measurements. A summary of porosity percentages in horizontal and vertical orientations in Table 1 .
The difference in results between the horizontal and vertical orientations is due to the influence of the fibers. In horizontal orientation, the interface between the unidirectional carbon fibres and the matrix contributed to the refraction signal while in vertical orientation it does not. However, in both orientations, the relative specific surface increased with lower vacuum level. This is caused by the higher amount of defects in the poor and moderate vacuum samples. The increase in relative specific surface from high to moderate vacuum level is about the same for both orientations, indicating a random orientation of the additional defects. In contrast, the increase from moderate to poor vacuum level was much higher in horizontal orientation, indicating a preferred orientation of the further additional defects parallel to the fiber orientation [8] .
Serial Sectioning
The destructive technique of serial sectioning (SS) was undertaken in this study to characterize porosity following the same procedure in the literature [3] [10].
Samples were selected from several locations in each panel. Each sample was polished into three layers through thickness as shown in Figure 4 ; layers near the Figure 10 . Topographic map of relative specific surface for samples in vertical orientation from each vacuum [8] . Another significant observation is that, there are variations in the porosity area fraction of samples at different locations in the same panel. Hence, higher porosity area fraction of samples toward the edges of high vacuum panels compared to porosity area fraction of samples toward the panel center. However, this
was not the case in poor and moderate vacuum panels vacuums, where low to no variations was seen on the porosity area fraction of samples from the center to the edges of the same panel. This is because in the case of high vacuum, the panels were subjected to more vacuum pressure at the panel center than the panel edges, considering the fact that vacuum ports were located at the panel center.
However, in the case of lower vacuums, in particular poor vacuum, the vacuum pressure was low at all locations on the entire panel, and therefore all locations throughout the panel were subjected to fairly the same amount of vacuum pressure. Hence, the samples showed more consistent porosity area fraction [10] .
As for the porosity shapes and sizes formed at different vacuums in these fabricated composites, they can be considered as resin porosity because mostly they existed in resin rich regions, such as between the fibers tows. In addition, it was observed that a lower vacuum resulted in larger size porosity. Moreover, porosity existed in spherical and cylindrical shapes, and the lower the vacuum the more the cylindrical porosity existed in the laminate. That is because the cylindrical shapes emerge in the lower vacuum laminates because of coalesce of much spherical porosity which were diffusing under the force of vacuum pressure, but the forces were not enough to diffuse them toward the edges of the panel and instead they coalesced together to form large cylindrical porosity. Another belief is that they existed as longitudinal air bubbles trapped between the fiber tows because vacuum pressure was not enough to dissolve the porosity inside the resin matrix or diffuse porosity outside the laminate. These types of cylin-drical porosity were common in the poor and moderate vacuum laminates [10] .
The midsection layer is important as it represents the location where initiation and propagation of cracks will occur in subsequent mechanical testing. The midsection layers showed higher porosity area fraction than other layers. The values are based on five measurements each one. Figure 11 reveals the features investigated in this study such as different shapes, sizes and locations of porosity and regions rich with fiber or resin, which dramatically dictate porosity content in the composite material.
Mechanical Testing and Fractography
Mode I-DCB Static Test and Fractography
The purpose of conducting the static test was to study the effect of porosity on Fractography was conducted to help understand the fracture mechanisms of carbon fiber composite samples tested under static and fatigue Mode I. Hence, relations between the fracture surfaces and the mechanical properties of composite material was drawn and the differences in the fractographic features between panels fabricated at different vacuum levels and between Mode I static was observed.
Fractographic images for static Mode I revealed many significant features that are labeled in Figures 13-15 . Also, Fractographic analysis showed a smooth clean surface of the fiber and matrix with a very brittle cleavage fracture surface at the resin rich regions forming a 90˚ angle with the loading direction because the crack growth was primarily in the resin-rich midsection layer between the fiber plies [10] . Also, fiber imprints on the matrix reveals there was fiber debonding associated with delamination. MBT-Δ Equation (1) . Where G Imax is the maximum cyclic mode I strain energy release rate, P max is the maximum cyclic load, δ max is the maximum cyclic displacement, b = 25.4 mm is the width of DCB specimen, a is the delamination length at N = 1, it varied from 63.5 mm to 78.4 mm and Δ av is average value of Δ from the static test [6] . 
For each individual vacuum level, poor, moderate and high, each tested sample i gave one point (Ni vis , G Imaxi ) on the (G Imax -N) curve for that vacuum. Six samples were tested using different maximum cyclic displacements δ max in order to obtain the full G-N curve for a specific vacuum. The visual observation approach of crack onset was conducted since it is the most accurate approach. Figure 16 shows the fatigue (G Imax -N) curves for the poor, moderate and high vacuum levels between 3 × 10 2 to 10 6 cycles. Many current composite applications are expected to experience 10 6 fatigue cycles over a 20 to 30 years, which will be considered in the values in Table 1 showed a general trend that the lower the vacuum the higher porosity content, the more these features become obvious, especially the debris and the river (ramified) cracks. These features in particular porosity content can be correlated to the result shown in Figure 16 that the porosity is an effect on interlaminar fracture behavior [10] . Fractographic micrographs showed that the initial fracture surface in static and fatigue tested samples were governed by the same mechanisms. But, fatigue has more features than static. For example, the fracture surfaces were covered by pieces of matrix material (debris) generated from grinding the matrix during cyclic load. The lower the vacuum, the higher the porosity content and the more the debris exist on the fracture surface. Also, more broken fibers and stitches and fiber pullouts were in the fatigue samples. Moreover, another feature caused by cyclic loading is the initiation and propagation of new cracks around the stitches and in the resin interlaminar layer, and more crack propagation from porosity in ramified shapes [10] .
To summarize, correlating the three approaches in the mechanical testing proved that porosity is an effect on Mode I interlaminar fracture toughness:
fractographic images showed that porosity content increased as the vacuum level decreased; Mode I static results represented in Figure 12 showed that the higher the vacuum (lower porosity content) the higher the force required to open the samples; the Mode I fatigue results shown in Figure 16 , showed that the higher the vacuum (lower porosity content) the higher the fatigue life of the composites.
Conclusions
This study was undertaken to understand the effects of porosity on mechanical behavior and material properties of carbon fiber-reinforced polymer composite samples fabricated using hand lay-up. Non-destructive and destructive testing was applied. Both static and fatigue Mode I interlaminar fracture behavior and fractographic analyses were implemented. Several conclusions can be drawn from this study as follows:
• Nondestructive evaluation methods gave the trend in discontinuities or density variations that can be related to the porosity content. The averaging nondestructive evaluation results gave parameters that can be corralled to porosity, which seems to allow more accurate porosity percentages determination than the imaging nondestructive evaluation methods. The averaging nondestructive methods gave specific values reflecting porosity effects through-thickness. But, the imaging nondestructive evaluation methods contained many artifacts, which sometimes cannot be distinguished from porosity.
• Porosity led to a decrease in both Mode I static interlaminar fracture toughness and Mode I cyclic strain energy release rates fatigue life when vacuum level decreased. However, porosity's size, shape and location as well as fiber bridging, resin weight fraction and crack bridging, which all form randomly have dramatically affected the interlaminar properties no matter the vacuum level is. Hence, these factors produced overlapping in some samples among the three vacuum level results.
• Fractographic features drew relations between fracture surfaces and mechanical behavior and material properties of composite between panels fabricated at different vacuum levels, and between both Mode I static and fatigue.
• Serial sectioning exposed the composite's internal structure and provided a true idea about porosity's type, shape, size, distribution and location.
• A comparison between all methods conducted was made and presented in Table 1 : features revealed by serial sectioning and fractography, static and fatigue results, and porosity percentages and parameters resulted from nonde-structive evaluation methods. Correlating all approaches in this study proved that porosity is an effect on Mode I static and fatigue interlaminar fracture toughness.
Future Recommendations
Based upon this study results, the teamwork of this manuscript is making the following recommendations for future research into the effects of porosity on mechanical behavior and material properties in fiber-reinforced composites.
• Fabricate polymer composite materials using other manufacturing processes such as pultrusion, vacuum infusion and autoclave molding. That is to see how porosity forms in different shapes, size, distribution and locations in other manufacturing methods, subsequently porosity can be classified.
• Conduct other mechanical testing. For example, interlaminar fracture tests such as shearing mode (mode II) and mixed mode, etc. That is in order to specify what mechanical and material properties are most affected by porosity.
• As for nondestructive evaluation, a large number of testing has been conducted in this study; but some physical measuring characteristics might limit some nondestructive evaluation methods. For example, fibers other than carbon might not be tested by thermography or eddy current because they are non-conductive.
• Develop a mathematical or finite element model of porosity effects on strength and stiffness of composites.
